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mixed with CNFs in order to prepare CNFs/alumina composites that have, in some cases, properties lower than expected. Generally, the addition of carbon nanofibers as reinforcement leads to slight improvements in the fracture strength although the hardness and/or toughness are degraded [7] . These results are related to the formation of CNFs agglomerates and the weak CNFs/Al2O3 interface. A promising solution for avoiding these problems could be the direct synthesis of alumina nanoparticles on the CNFs surface. There are many processes for synthesizing ceramic nanopowders such as mechanical synthesis, vapor phase reaction, precipitation and combustion or sol-gel methods [17] . Although there are different limitations in all the aforementioned methods [18] [19] , wet chemical methods are especially useful for this purpose. In many cases conventional processing methods for traditional powder mixture are relieved by chemical synthesis methods that allow the reactions, nucleation and growth of nanocrystals at molecular level to be controlled.
In order to obtain CNFs/alumina dense materials, spark plasma sintering (SPS) was used as the sintering technique. This is also known as field assisted sintering technique (FAST) and it is a new sintering technique that can consolidate powder compacts by applying an on-off dc electric pulse under uniaxial pressure [20] . This technique can work at heating rates of hundreds degrees per minute, reaching high temperatures in a short time, and producing dense materials [21] . These features allow the achievement of microstructures unattainable by other sintering techniques. Furthermore, spark plasma sintering allows densification of materials that are difficult to sinter. In a previous work it was shown how it is possible to obtain high density carbon materials by SPS sintering of carbon nanofibers [10] . Then, this technique allows obtaining CNTs and CNFs monoliths without binder [22, 23] . It means that high density carbon materials could be obtained in very short processing cycles and their mechanical properties could be improved by adding ceramic nanoparticles as second phase. The improved graphitic materials would be very interesting for applications that require a combination of thermal and electrical conductivities with good mechanical strength.
Therefore, the aim of this work was to develop alumina-reinforced carbon nanofiber nanocomposites. In order to improve the affinity between the components, the surface coating of CNFs with an alumina nanoparticles precursor was studied by the sol-gel and colloidal processes. The "surface coating" composites have been evaluated in comparison with materials prepared by conventional powders mixing. The materials obtained were compared in terms of their microstructural evolution, mechanical and electrical properties.
EXPERIMENTAL PROCEDURE

Preparation of composite powders
Mixed powders
The materials used in this study were commercial carbon nanofibers (CNFs) having an average outer diameter of 20-80 nm and lengths >30 μm, supplied by Group Antolin Engineering, (Spain). These CNFs were generated via vapor phase growth (VGCNFs) [24] using a floating catalyst of nickel in solution (6-8%). -Al2O3 nanopowder (Taimei TM-DAR Chemicals Co. Ltd, Japan) with an average particle size of 153 nm and a purity of 99.99% was used as a second phase. The powder mixtures, CNFs/Al2O3 = 90/10 -80/20 -70/30 -60/40 -50/50 vol.%, were dispersed in ethanol (Panreac Quimica) with a high-energy attrition milling (Union Process, EE.UU) using alumina media of 2 mm diameter at 400 rpm and milling times of 1 hour. After milling, the resulting slurry was dried at 60 ºC and the dried powder was sieved under 60 μm.
Surface coating of CNFs
The surface coating of CNFs was carried out employing two different processing routes, colloidal and sol-gel. Aluminum chloride hexahydrate, AlCl3·6H2O (>99% purity, Fluka), was used as the alumina precursor in both cases. The alumina precursor was added to a CNFs water dispersion eventually yielding composites with a 10 vol.% Al2O3. In the colloidal synthesis route or heterogeneous precipitation method [25] , CNFs were dispersed in distilled water using magnetic stirring. The appropriate amount of aluminum chloride, also dissolved in distilled water, was added dropwise to the water dispersion of CNFs. The slurry was first dried maintaining magnetic stirring at 60-70 ºC and subsequently at 120 ºC in order to eliminate wastewater. In the case of the sol-gel method, the aluminum chloride was dissolved in distilled water under stirring and, in order to control the chemical reactivity in the solution, the pH was adjusted with ammonium hydroxide solution (Fluka, 28% in water), keeping a constant pH value (~9) throughout the process in order to control the sol formation. Subsequently, CNFs were added to the aluminum chloride solution and mixed thoroughly by stirring. Finally, the solution was heated gently to form a gel. After aging for 24 h, a gelatinous product was obtained. The resultant amorphous gel was dried at 60-70 ºC and subsequently at 120 ºC for 24 h in order to eliminate wastewater. The CNFs/Al2O3 powders were ground by mortar and pestle, and sieved below 60 µm to achieve a uniform distribution of particle sizes. Thermogravimetric analysis of the modified powders (TGA Star System, Mettler Toledo) were carried out up to 1000 ºC, using a 5 ºC min -1 heating rate under an argon atmosphere in order to check the temperature to remove solvent and chloride wastes.
SPS and characterization of sintered bodies
The powder samples were placed into a graphite die with an inner diameter of 20 mm and cold uniaxially pressed at 30 MPa. Then, they were introduced in a spark plasma sintering apparatus HP D 25/1 (FCT Systeme GmbH, Rauenstein, Germany) under low vacuum (10 -1 mbar) and sintered at 1500 ºC for 1 min under an applied pressure of 80
MPa and a heating rate of 100 ºC min -1 . Bulk density of the sintered bodies was measured by the geometric method from weight and geometric volume of the material.
Relative densities were calculated as the relation between geometrical and theoretical densities. The fracture strength was measured using biaxial testing employing the equations of Kirstein and Woolley [26] , Vitman and Pukh [27] , and the standard specification ASTM F394-78 [28] . All tests were performed at room temperature using The value of Hv is the relationship between applied load P and the surface area of the diagonals of indentation [29] . X-ray diffraction (XRD) analysis was performed on a Siemens X-ray diffractometer (Model D 5000), using "Bragg-Brentano" geometry with Cu-k radiation (=0.15418 nm, 40 kV, 30 mA). The measurements were performed in the range of 15-80º with a step size and time of reading of 0.02º and 0.3 s, respectively.
Fracture surfaces of sintered samples were characterized by scanning electron microscopy (SEM, Zeiss DSM 950). The electrical resistivity of monolithic and composite materials was determined according to ASTM C611. The specimens were placed between two sheets of copper connected to a power supply, which allowed working at different current intensities. The measures were carried out by fixing the intensity of the current at 0.5 A using a multimeter of fixed pegs (9.55 mm separation), determining the voltage drop. Table 1 In good correlation with the densities values it can be seen that the fracture strength only increases when alumina content in the composite is 50 vol.%. Fracture strength of CNFs+50 vol.% Al2O3 composite is 134 MPa, and this value is twice as much as corresponding to 40 vol.% Al2O3 composite. So, when alumina content is equal or greater than 50 vol.% Al2O3, it can be considered that the alumina behaves as the matrix. Therefore, for a relatively low volume fraction of alumina, the fracture strength of the nanocomposite is similar to that of a carbon material, approximately 60 MPa [10] , and a similar behavior to ceramic material is observed only when the alumina content is high. However, the hardness of the composites increases gradually with the ceramic phase addition. The reason for the different trend in both mechanical properties with alumina content is related to the influence of second phase nanoparticles on matrix behavior. In the case of hardness, the presence of alumina nanoparticles, characterized by its high hardness, leads to local reinforcement and this effect depends on nanoparticles content. However, the material fracture strength is proportional to its fracture toughness and therefore, to its opposition to crack propagation. Only when the matrix behavior changes as in the case of high alumina content, is a major improvement in material fracture strength observed.
RESULTS AND DISCUSSION
Composites obtained from mixing powders
In order to study this effect, Figure 1 shows SEM fracture surfaces micrographs of CNFs/Al2O3 composites sintered by SPS at 1500 ºC with 10 (a), 40 (b) and 50 (c) vol.% Al2O3. Due to the nature, content, size and shape of the CNFs present in these composites, the components identification by SEM is very difficult, and the ceramic phase is not well identified until the alumina content in the composite is around 50 vol.% Al2O3 (Fig. 1c) . However, in micrographs corresponding to composites with lower ceramic content, alumina nanoparticles were identified by a circle (Fig 1a) . It is important to note the small size of those nanoparticles. Taking into account the starting grain size of the alumina particles (~150 nm) it can be seen that after sintering at 1500 ºC the final size is very similar. This shows that the grain growth of the ceramic component in the nanocomposites is suppressed by CNFs presence. As was previously explained, the fracture mode of the material with a 50 vol.% of Al2O3 is predominantly intergranular, and is reminiscent of the behavior of a ceramic material (Fig. 1c) .
Therefore, this micrograph suggests the matrix change, when the alumina volume content achieves a 50 vol.%.
The electrical resistivity of all CNFs/Al2O3 composite materials, measured at room temperature was ~10 -2 Ω cm. This value corresponded to the carbon nanofibers raw material. This result shows that whereas the conductive component content, in this case the carbon nanofibers, is over the critical percolation volume fraction [30] , the electrical conductivity of the nanocomposites remains constant. So, very useful properties have arisen in the CNFs+50vol.% Al2O3 composite. It has the same electrical conductivity but with a considerably higher fracture strength (134 vs. 60 MPa) than those obtained in 100% CNFs material [10] . This new composite will be especially useful because it could replace graphite materials [31] in applications in which their uses are now forbidden due to their low mechanical properties. The homogeneous distribution of ceramic and carbon components in the nanocomposite allows the obtaining of a material that combines good electrical and mechanical properties.
Composites obtained from colloidal and sol-gel methods
Another problem in obtaining ceramic-carbon composites is related to their different surface properties, reflected in a weak interface [32] . So, in order to explore the possibility of improving this feature, the preparation of these nanocomposites by two wet chemical synthesis routes was studied. Figure 2 shows the thermogravimetric analysis corresponding to the powders synthesized by colloidal and sol-gel methods: the curve of sol-gel powders shows two weight loss steps. In the first step (160-360 ºC) there is a weight loss of ~32 wt.% with Tmax at 285 ºC. This is due to the residual solvent adsorbed in the powders caused by a three-dimensional network formed in the sol-gel process that retains more water. In the second step (360-680 ºC) there is a weight loss of 8 wt.%. This loss tendency can be associated with the chloride elimination. Finally, at temperatures higher than 720 ºC the weight loss stabilizes. Table 2 shows the two weight loss steps of the colloidal composite powder. Tmax takes place at 225 ºC and the first step weight loss ~12 wt.%, is considerably lower than the sol-gel process due to the easier elimination of water in this material during the drying steps. The second weight loss step takes place between 360-680 ºC and the weight loss is very similar to the sol-gel powder ~10 wt.% that could be expected considering that it is related to the chloride removal and the aluminum chloride amount used in both cases was the same. Taking into account these results, the powders were thermally treated at 700 ºC for 2 h in an argon atmosphere, in order to remove precursor wastes without affecting the carbon nanofibers. Figure 3 shows the XRD-patterns of sintered bodies. Both composite powders led to α-alumina and graphite after sintering up to 1500 ºC by SPS. The lower relative intensity and wider peaks of alumina in the composite obtained from sol-gel powder, compared with material prepared by the colloidal route is indicative of a smaller crystal size, as they have the same content in ceramic phase. Table 3 summarizes the properties such as the density, hardness and fracture strength of the different CNFs+10vol.% Al2O3 composites sintered by SPS at 1500 ºC. The surface coating by colloidal or sol-gel method should improve the mechanical properties as it could be predicted from their relative densities. In both cases the relative density of composites (~93%) are slightly higher than that achieved in the material with similar composition obtained by powder mixing (~90%). The sol-gel process allows the formation of a three dimensional network which perfectly interconnects the particles in the whole volume. Consequently, carbon nanofibers which have been previously well dispersed in the solvent will be homogeneously coated by the gel layer. Heat treatment will lead to the formation of alumina nanoparticles that are very well dispersed in the composite. Although the colloidal route process seems to be very similar to the sol-gel process the differences are very significant. In the colloidal route, carbon nanofibers are preferential nucleation sites for the alumina precursor and this mechanism is known as heterogeneous precipitation. However, another process is in competition with heterogeneous precipitation, the nucleation and growth of aluminum hydroxide particles directly from the solution, this being homogeneous precipitation.
The alumina nanoparticles formed by heterogeneous precipitation would be similar to those obtained by the sol-gel method. However, particles formed by homogeneous precipitation are not linked to the carbon nanofibers surface and so i) they can grow, achieving greater size and leading to potential defects and ii) they are not contributing to ceramic-carbon interface reinforcement. In fact, the fracture strength of the sintered body of the sol-gel composite powder is almost 50% higher than that obtained by the mixed powders composite and considerably higher than colloidal processing route composite.
As could be expected, the electrical resistivity of both composites, obtained by colloidal and sol-gel methods is 10 -2 Ω cm, this value being similar to the material obtained by mixing powders. Additionally, the electrical resistivity was measured in both directions, parallel and perpendicular to the direction of the applied pressure during sintering, and in both directions the same results were achieved. This is indicative of a homogenous dispersion of CNFs and alumina.
CONCLUSIONS
The addition of Al2O3 powders as a second phase to the CNFs matrix improves the densification of materials based on CNFs. High alumina contents are necessary to improve mechanical properties of CNFs/alumina nanocomposites by powder mixture, while the surface coating of carbon nanofibers using a precursor of alumina leads to an improved composite even with only a 10 vol.% Al2O3. All composites show an electrical conductivity similar to the raw carbon nanofibers, therefore alumina could be used as reinforcement phase of carbon composites. The surface coating of carbon nanofibers using a precursor of alumina is a very useful method for obtaining CNFs/Al2O3 composites, due to an improvement of interface between the CNFs and alumina. A major improvement in the mechanical properties of CNFs/Al2O3 nanocomposites was achieved by sol-gel CNFs surface coating with an alumina precursor. This nanocomposite shows almost a 50% higher fracture strength compared to composites prepared by conventional mixing powders. 
